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2 Theory and methods

In this chapter the theory behind electronic structure calculations, the con-
struction of potential energy surfaces (PESs), quasi-classical trajectory (QCT)
calculations, and quantum dynamics (QD) calculations is introduced. The last
section deals with the calculation of observables which can be used to compare
to experimental observations.

Within the realm of quantum mechanics the wave function, usually denoted
with the Greek letter ¥, seems to take on the role of magical all-knowing
oracle. There has been much discussion since its inception on whether the wave
function is real object or a mathematical tool, and on whether it is a complete
description of reality!™. These sort of musings on the deep mathematical
nature of reality are, however, far beyond the scope of this thesis.

From here on it is presumed that everything that can be calculated about
a particular particle or system is described by the (non-relativistic) time-
dependent Schrédinger equation for coupled electron-nuclei dynamics®.
Throughout this chapter we shall assume that the Born-Oppenheimer
approximation® (BOA) has been made. In practice this means that in QD
calculations we first need to solve the electronic structure problem to compute
the ground state PES. After the PES is obtained the time-dependent Scrodinger
equation for the nuclear dynamics can be solved. With a quasi-classical approach
we can also solve Hamilton’s equations of motion instead. Alternatively forces
can be obtained on the fly from an electronic structure method, and used to
solve Hamilton’s equations of motion in direct dynamics calculations.

2.1 Electronic structure theory: density functional
theory (DFT)

Calculating a PES for Hy interacting with a metal surface in the static surface
approximation involves solving the electronic problem for many different con-
figurations of Hy relative to the surface. DF'T is a particularly efficient method
for solving the electronic structure problem”™®. DFT has its origin in the 1927
Thomas-Fermi model®!9, which tries to evaluate the energy of a system using
only the three dimensional electron density of a system , n(7), as opposed to
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the wave function of a system which depends on the coordinates of all particles
in the system. The lack of a rigorous foundation of the Thomas-Fermi model
and the large errors it produces for molecular calculations made it a rather
crude tool, not suited for quantum chemistry'®.

Hohenberg and Kohn” provided the rigorous foundation by showing that
for a system of electrons in an external potential (i.e. the potential generated
by the nuclei) the ground state wave function is a unique, although unknown,
functional of the electron density n(7). It was also shown that the exact ground
state corresponds to the global minimum of the unknown functional of n(7),
which makes it possible to apply the variational principle to obtain the minimum
energy and ground state electron density for a given approximation. Thus the
evaluation of the energy density functional on an electron density which is not
the ground state electron density will yield a higher energy than the ground
state energy.

A difficulty in DF'T arises in calculating the electrons’ kinetic energy from
n(7), which is the main constituent of the total energy of the system. A
solution to this problem was given by Kohn and Sham® in the form of a
ficticious system of non-interacting electrons in an effective external potential.
The Kohn-Sham equations recast the many electron problem as a set of N
single-electron equations:

v? ,
[~ + Vks(M)]ei(7) = ei(r) (2.1)
In this equation and those below we will asume that atomic units are used.
Here, ¢;(7) is the single particle orbital (or Kohn-Sham orbital) for a ficticious
non-interacting system. The electron density can then be retrieved by summing
over all Kohn-Sham orbitals.

N
() = 16:(A)° (2:2)
i=1

The first term in equation 2.1 represents the kinetic energy of the non-interacting
electrons, and the second term is the Kohn-Sham potential, Vi g(7). The Kohn-
Sham potential is given by

Vis(7) = Vet () + Vi (7) + Vae(7), (2.3)
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in which V() is the external potential, Vi (7) is the Hartree (Coulomb)
potential, given by
n()

=71

Vi (r) = dr, (2.4)

and the exchange-correlation potential is given by

Vie(T) = w. (2.5)

on(®)

Ve (7) represents the error made by ignoring many-body effects by using the
kinetic energy of the system of non-interacting electrons and the Coulomb
potential. Although Hohenberg and Kohn” proved that a universal exchange-
correlation functional, F,., must exist, it is, presently, not known exactly. In
any practical calculation it is therefore approximated. These approximations
are discussed in section 2.1.1.

2.1.1 Exchange-correlation density functionals: LDA, GGA,
meta-GGA

As discussed in section 2.1, the expression of the exact exchange-correlation
functional is unknown. Many non-empirical density functionals have been
constructed that recover some or all known exact constraints on the design
of density functionals'™'2. Some notable examples are the PBE'?, PBEsol*,
RPBE'?, B86b'6, TPSS'7, revIPSS!®, and SCAN'? density functionals. In
general semi-local approximations to the exchange-correlation functional, in a

spin unpolarized framework, take the following form:2°

Ere(n(F)) = /d3fn(f’)€xc(n(f’), vn(r), (7)) (2.6)

Here, Vn(7) is the gradient of n(), and 7(7) is the kinetic energy density. Both
Vn(r) and 7(7) depend on n(7). In equation 2.6 one can choose to only take
into account n(7), this is called the local density approximation (LDA). In the
LDA the exchange-correlation energy is taken to be the exchange-correlation
energy of the homegeneous electron gas of the same density as n(7).

When one chooses to take into account not only n(7) but also Vn(7) this
amounts to climbing Jacob’s ladder?! one rung up to the generalized gradient
approximation (GGA)!315:22 At the GGA level the exchange-correlation energy
thus depends on both n(r) and its gradient. When n(7), Vn(7) and 7(7) are
taken into account in equation 2.6 one climbs another rung on Jacob’s ladder?!
towards a meta-GGA exchange-correlation density functional'®!'9. Taking into
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account higher orders in the expansion of n(7) amounts to taking into account
more and more information about the local environment of each point in the
three dimensional n(7). So far only one density functional has been reported
that statisfies all known exact constraints on a exchange-correlation functional,
namely the SCAN density functional'®. Statisfying all known exact constraints
is however no panacea for describing the interaction of Hy with transistion
metal surfaces, as will be discussed in chapter 3.

Many different functional expressions have been put forward as exchange
correlation functionals. The work presented in this thesis focuses on the
construction of density functionals at the GGA level (see chapter 5) and the
meta-GGA level (see chapters 3 and 6).

2.1.2 Non-local correlation

When an exchange-correlation functional is solely based on n(r), Vn(r) and/or
7(7) it is inherently (semi-)local. Such exchange-correlation functionals cannot
describe longe range electronic correlations such as Van der Waals interactions.
As will be discussed in chapter 5, longe range electronic correlation is also
important in the description of the interaction of Hy with transition metals.

So far, several methods have been proposed that introduce long range
(non-local) correlation in DFT calculations?®. The simplest method is the
DFT-D3 method by Grimme?*?® in which a pairwise potential is added based
on Cg coefficients computed using time-dependent density functional theory
(TD-DFT). A more general approach to incorporating non-local correlation
in DFT calculations is based on the Rutgers-Chalmers formulation of non-
local correlation by Lundqvist et al.26. One of the first generally applicable
non-local exchange-correlation density functionals was the vdW-DF1 density
functional proposed by Dion et al.?”, and its later revision vdW-DF228. Other
implementations based on the same Rutgers-Chalmers formalism are the VV102?
and rVV103° non-local exchange-correlation density functionals. The difference
between the vdW-DF and VV10 based functionals is that the former consists of
the local LDA correlation functional and a non-local correlation term, whereas
the latter consists of a semi-local (beyond LDA) correlation functional plus a
non-local correlation term.

The non-local term that is part of the vdW-DF and VV10 based non-local
correlation functionals can be written as:

gt — [arn(r) (3 [ ate () + 6). (2.7)
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Here ®(7,7) is the kernel describing density-density interactions®'. The param-
eter 8 is not present in the vdW-DF non-local correlation functionals and is
taken to be g = 3%(%)% in the VV10 group of non-local correlation functionals
to ensure a zero non-local correlation energy for the homogeneous electron
gas32. In the VV10 group of non-local correlation functionals the b parameter
is optimized to avoid double counting of intermediate range correlation effects
that might be present in the semi-local correlation functional that is part of
the VV10 based correlation functionals.

In the context of plane wave DFT the method of Roman-Pérez and Soler3!
has allowed for the vdW-DF127, vdW-DF22®, VV10%? and rVV103° non-local
correlation functionals to efficiently evaluate the double integral over n(7) by
use of an auxiliary function called the kernel which describes the density-density
interactions. Note that apart from a convergence paramter C' present in the
integration kernel, only the vdW-DF127 non-local correlation functional is
non-empirical?®. In the construction of the vdW-DF228, VV10%? and rVV103°
non-local correlation functionals at least one parameter is optimized to obtain
better agreement with experimental observables.

2.1.3 The problem of obtaining accurate reaction barriers

Currently no first principles electronic structure method exists that can compute
molecule-metal interaction energies and barrier heights to within chemical
accuracy (1 kcal/mol®3). For the benchmark Hy + Cu(111) system diffusion
Monte-Carlo (DMC) calculations underestimate the best available value for the
reaction barrier height by 1.641.0 kcal /mol34. The description of Oy scatttering
from Al(111) was greatly improved by dynamics calculations employing an
embedded correlated wave function (ECW) method, but chemical accuracy was
not yet reached?.

In the absence of chemically accurate first principles methods describing the
interaction of molecules with metals, validation of calculated barrier heights
needs to be performed in relation to experimental measurements. However,
a barrier height is not a direct observable. An alternative path to validating
calculated results uses a dynamics method to compute a physical quantity that
is an observable, such as the sticking probability as a function of the incidence
energy. The sticking probability as a function of the incidence energy can be
measured in supersonic molecular beam experiments3®. The fact that such
experiments can probe the reactivity of specific, well-defined Miller index metal
surfaces at low temperatures make such experiments suitable for validation of
calculated barrier heights33.
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2.1.4 Specific reaction parameter approach to DFT

The specific reaction parameter (SRP) approach to DFT is a semi-empirical
method, originally proposed by Truhlar and coworkers”3®. Since the work
presented in this thesis mostly focuses on reproducing molecular beam disso-
ciative chemisorption experiments, the SRP method is applied by selecting
a specific observable (here the zero coverage sticking probability, Sp) of an
experiment. In the present context a SRP density functional (ESEP) is then
constructed by taking a weighted average of a density functional (e.g. E?C) that
overestimates the sticking probability, and one density functional (e.g. EB)
that underestimates the sticking probability for the system of interest?’.

ESRP — o B2 + (1-0a)-EE (2.8)

Here « is the SRP mixing parameter. This approach allows for the construction
of chemically accurate SRP density functionals for specific systems333943 A
SRP density functional might be considered successful if it is fitted to reproduce
one particular experiment, while also being able to describe another experiment
on the same system the SRP density functional was not fitted to. Additionally,
a SRP density functional can be considered transferable if it can reproduce
experimental results for a system it was not fitted to, i.e. a molecular beam
dissociative chemisorption experiment on the same molecule reacting with a
different transition metal surface. Note that there exist also other approaches
to creating a tunable density functional, one such example would be the PBE«
density functional** in which a can be adjusted, as was done for Hy + Pt(111)4°,

So far SRP density functionals fitted to reproduce molecular beam dissocia-
tive chemisorption experiments for Ho and Dy were shown to be transferable
among systems in which Hs interacts with different crystal faces of the same
metal?>46 but not with different metals?™4®. Transferability of SRP density
functional among systems in which the same molecule interacts with different
metals has only been reported for CHy dissociation on Ni(111)4% to CHy dis-
sociation on Pt(111)%°. In chapters 5 and 6 it will be shown that this type
of transferability can also be achieved for the reaction of Hy and Dy on low
Miller index surfaces of transition metals, when using a non-local correlation
functional such as vdW-DF127, vdW-DF228 or rVV103°.

In equation 2.8 a weighted average is taken of two exchange correlation-
functionals. In practice often only the exchange part of two density functionals
is mixed in the creation of a SRP density functional. When creating SRP density
functionals that incorporate a non-local correlation functional two expressions
for the total exchange-correlation functional can be obtained, depending on
whether the non-local correlation part stems from the vdW-DF or VV10 group
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of non-local correlation functionals:
vdW-DF non-local correlation
ESRP — o B} + (1—a)-EB4+  ELDA 4 pronlocal (2.9a)
EE(I}P —a. E;:A r(1-a)- Ea]:B 4 Ezemi—local + Egon—local _ (2.9b)

(r)VV10 non-local correlation

2.1.5 Periodic DFT

Metal surfaces are often periodic. In this case it is advantageous to treat the
metal surface as infinitely periodic in DFT calculations, since this naturally
allows for performing calculations on only the atoms that are part of the
repeating unit cell. Calculations using a finite metal slab would quickly spiral
out of control with respect to computational cost due to the need to use large
finite slabs in order to avoid ’edge’ effects. An elegant way of introducing
periodicity in DFT calculations is by applying Bloch’s theorem®®, which applies
to the solution of the Schrédinger equation of an electron in a periodic potential,
and to the Kohn-Sham orbitals of equation 2.1. Bloch’s theorem states that
eigenfunction for an electron in a periodic potential can always be written as a
plane wave multiplied with a periodic function which obeys the periodicity of
the system

6, 1 (7) = u (P (2.10)

Here k is a wave vector in the first Brillouin zone, and ¢ is an index running
over all Khon-Sham orbitals. The function ug(7) is a function that obeys the
same periodicity as the potential of the surface (ﬁ), ie. ug(?) = up(F+ ]%)
When expanding u(7) in a Fourier series (plane wave basis set) the Kohn-Sham
orbitals can be written as

6, 1(M) = NS cin(G)el T, (2.11)

where N is a normalization constant, G is a reciprocal lattice vector and czk(é)
are the expansion coefficients.

In principle the Fourrier expansion is exact, in practice a maximum kinetic
energy cut-off is used for the plane waves in the basis set according to:

1. -
5k + Gl < Bewtor (2.12)
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Note that describing high energy core electrons using plane waves would
require exceedingly high cut-off energies. To get around this problem one
can replace the Coulomb potential set up by the bare nucleus and the core
electrons by the potential of a pseudo atom. This pseudo atom would describe
the nucleus, the core electrons, and the interactions between them, including
relativistic effects®'®2. Pseudo potentials are constructed in such a way that
the pseudo wave function is as smooth as possible within a cut-off radius r.
close to the nucleus while simultaneously yielding almost exactly the same
real potential and wave function outside of r.. Given that the wave function
describing the core of the atoms is much smoother when using pseudo potentials,
calculations can be carried out using a lower cut-off energy (see equation 2.12).
For the work presented in this thesis two types of pseudo potentials have been
used, namely Vanderbilt’s ultrasoft pseudo potentials®® and the more general
projector-augmented-wave potentials®.

2.2 Constructing potential energy surfaces

Obtaining a continuous representation of the six dimensional PES of a diatomic
molecule interacting with a surface of which the surface atoms are fixed in their
ideal lateral positions can be achieved by applying the corrugation reducing
procedure (CRP)*#%°. The CRP method is a rather efficient procedure to
interpolate potential energies calculated on a grid and obtained from any
electronic structure method. In the CRP method the molecule-surface PES is
written as

2
VP(R,r) = IP(R) + ) V" (ry), (2.13)
=1

where R are the coordinates of the molecule, 7; are the coordinates of the 7"
atom belonging to the molecule, V3P is the atom-surface potential evaluated
for each atom, and I is the so-called interpolation function. Subtracting
the atomic potentials from the six dimensional potential ensures that 167
is a smooth function that can readily be interpolated without performing
an excessive amount of electronic structure calculations. The atom-surface
potential is constructed in a similar way as the molecule-surface potential. The
atom-surface potential is written as

N
V3P (ry) = PP (ri) + > VP (ry) (2.14)
J
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where I3P is the three dimensional interpolation function that needs to be
interpolated over the atomic coordinates 7;, r;; is the distance between atom
i and surface atom j, and V1P is a one dimensional corrugation reduction
function. For V' one usually takes the Z dependence of the interaction of an
atom normally incident on a top layer surface atom.

Applying the steps outlined in equations 2.13 and 2.14 reduces the corru-
gation of I9P in the X,Y, 6 and ¢ degrees of freedom with respect to V6054,
The number of electronic structure calculations that need to be performed
can be further reduced by taking into account the symmetry of the surface
during the interpolation. The way this is achieved is by generating symmetry
adapted basis functions for the interpolation using a Fourier expansion that
obeys the correct wallpaper group symmetry of the surface®®. The way this is
done specifically for the CRP PESs created for the work in this thesis has been
documented in the PhD thesis of Wijzenbroek®”.

2.3 Nuclear dynamics

After a six dimensional (i.e. depending on the six degrees of freedom of the Hy
molecul are in relation to the metal surface) PES has been obtained, nuclear
dynamics calculations can be performed either quasi-classically or quantum
mechanically. Both methods can be used to calculate observables (see section
2.4) which in turn can be used to compare to experimental observations.

2.3.1 Quasi-classical trajectory method

In the quasi-classical trajectory method Newton’s equations of motion are
solved for the six degrees of freedom of the Ho molecule moving on the six
dimensional PES.
d’R; 6D
M;——— = =V, V"’ (R;) (2.15)
dt?
Here i is the index that runs over the atoms in a diatomic molecule, and M;
is the mass of atom 4. In all but chapter 4 the predictor-corrector method of
Burlisch and Stoer®® is used to integrate the equation of motion. Additionally,
quasi-classical conditions are assumed®® such that the quantum mechanical
energies of impinging Hy molecules in their initial rovibrational state are taken
into account by imparting them to the molecule at time t3. The energies of the
rovibrational states of the Hy molecule are obtained by using the Fourier grid
Hamiltonian (FGH) method®°.
The initial conditions of each trajectory are set up as follows. At the start
of eacht trajectory the molecule is placed in the gasphase at Z = Zg,s, where
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the potential does not depend on Z. The impact site in X and Y is randomly
sampled, and an initial velocity vector for the center of mass of the molecule is
constructed based on the chosen initial perpendicular and parallel translational
energy (£, and Ej|, respectively). The initial positions and momenta are further
constrained by the the vibrational quantum number v, the rotational quantum
number J and the magnetic rotational quantum number m ;. The orientation
of the molecule with respect to 6 and ¢ is choosen based on the rotational state.
The initial angular momentum L is set by L = /J(J + 1)k and the orientation
of L is randomly sampled with the constraint cosf;, = my/\/J(J + 1). Here
01, denotes the angle between L and the surface normal. The vibrational
energy of a particular vibrational state is imparted to the molecule by randomly
sampling positions and momenta obtained from a one dimensional classical
dynamics calculations of the vibrating molecule of the same energy as the
selected vibrational state.

Trajectories are considered to be reacted when the H-H distances becomes
larger than some critical value r., and trajectories are considered to be scattered
when Z becomes bigger than Zg,s and has a momentum away from the surface.
For practical reasons there is a maximum propagation time ty,ax for all trajectory
calculations. If neither reaction nor scattering has occurred the molecule is
considered to be trapped. It should however be noted that when no energy
is removed from the molecule during the trajectory, as is the case here, in
principle no trapping should occur in the limit of an infinite simulation time.
The reaction probability P, is then calculated by dividing the number of reacted
trajectories N, by the total number of trajectories Nigtal.-

N,
P = 2.16
" Ntotal ( )
The standard error in P, op,, can then be computed as
P.(1-PF)
op, = {| ————. 2.17
Fr Ntotal ( )

Langevin equation with energy dissipation

In chapter 4 the Langevin equation is used instead of Newton’s equations of
motion in order to make it possible to carry out molecular dynamics calcu-
lations that incorporate electronic friction (MDEF). Disspative effects due
to electron-hole pair excitations in MDEF calculations have been described
phenomenologically by coupling the six-dimensional Hy molecule to a heat bath.
The coupling is here realized by a (6 x 6) frictional tensor n, which accounts
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for the effect of electron-hole pair excitations during the dynamics®-63.
d’R; 6D (R
MZ»W = —V,V Zm (T) (2.18)
E/—/

friction force

Here 7, is the frictional tensor element, and F}#"4°™(TY) is a temperature
dependent random force. The temperature dependent random force is calculated
62,63 "and is taken such that the fluctuation-dissipation
can be taken into account®?

as discussed in references
theorem%4

<Fwirand0m( )Frandom( )> _ ZkBTelnu(Szj(s(t —¢ ) (219)

In equation 2.19 kg is the Boltzmann constant. In this way F, l”andom(T) is taken
to be correlated to a Gaussian white noise distribution which is implemented as
discussed in reference®, and vanishes for T'= 0K. The electronic temperature
T,; is taken to be equal to the surface temperature. Equation 2.18 is integrated
using the Ermak-Buckholz propagator%®

The local density friction approximation (LDFA) together with the indepen-
dent atom approximation (IAA) is used to calculate the friction coefficients of
equation 2.185768 . Molecular properties are thus neglected in this approach and
the off-diagonal elements of the friction tensor as expressed in the Cartesian
coordinates of the atoms are zero. As a consequence kinetical coupling between
different degrees of freedom cannot be described in this model. Whether the
LDFA is a valid approximation in combination with the IAA is still under
debatef9"1 but it allows for a comparably simple incorporation of electronically
non-adiabatic effects during the dynamics of Hy reacting on transition metal

surfaceg?2,63,67,69,72,73

2.3.2 Quantum dynamics

Six dimensial quantum dynamics (QD) calculations are performed by using
the time-dependent wave packet (TDWP) method™ 7 in order to solve the
time-dependent nuclear Schrodinger equation:

d¥(Q;t)

i
T

= HU(Q;t). (2.20)
This is done using an in-house computer package””"®. Here, W(@, t) denotes
the nuclear wave function of Hy at time ¢ with @ being the position vector. To
describe motion in the six degrees of freedom of Hy the following Hamiltonian
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is used: ) 0 o
i h V2 h° 0 1

oM 2u Or? + 2ur?

J2(0,6) + VP (Q). (2.21)

Here, M and p are the mass and reduced mass of Hy, and J 2(9, ¢) is the angular
momentum squared operator. A discrete variable representation (DVR)™ is
used to represent the wave packet in the Z,r, X and Y degrees of freedom
and a finite basis representation (FBR)®%8! is used for the angular degrees of
freedom. In order to transform the wave function from the DVR to the FBR
and back, fast Fourier transforms®? and discrete associated Gauss-Legendre
transforms®"8! are employed.

The initial wave packet is constructed as a product of a gas phase rovi-
brational eigenfunction of Hy characterized by the quantum numbers v, J and
my (Pu.gm,(r,0,¢)) and a Gaussian wave packet with initial wave vector
ko = (K, kY, kZ)T describing translational motion.

W(Q7t = 0) = @V,J,mj(7“7 0» ¢)¢(E07t0) (222)

The initial translational motion is then described by the following wave function:
Blfosto) = XD [ gy o (22
—0o0

Here, (kOZ ) is the initial Gaussian wave packet centered on Zy, which is defined
through the width parameter ¢ and average momentum k according to:

2, _1 _ -
5(7{70Z) _ <2%> 46—0-2(]{7]65)262(]@7}(02)20' (224>

Here, o is the width of the wave packet centered around the wave vector IZO.
The width o is chosen in such a way that most of the Gaussian wave packet is
placed in a initial translational energy range of E; € [Emin, Fmaz]-

The wave function is propagated using the split operator (SPO) method®?
using a time step At. Reflections of the wave packet at large Z and r are
avoided by the use of quadratic complex absorbing potentials®®, which permits
the use of short grids in order to reduce the computational cost. The scattered
wave packet is analyzed using the scattering matrix formalism®. Scattering
probabilities can then be obtained for the translational energy range present in
the initial wave packet from the S-matrix elements. Subtracting the sum of the
state-to-state scattering probabilities from unity yields the fully initial-state
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resolved reaction probability.

P.(v,Jymy)=1- Z Pseat(v, Jymy — V' J' m/;,n,m) (2.25)

v Jm!mm

Here Pyeqi(v, J,my — V', J',m/;,n,m) are the state-to-state scattering proba-
bilities, and v/, J’ and m/; are the final vibrational, rotational and magnetic
rotational quantum numbers. The quantum numbers for diffraction are denoted
by n and m.

2.4 Computation of observables

2.4.1 Molecular beam sticking

Calculation of molecular beam sticking probabilities from fully initial-state
resolved reaction probabilities involves averaging over the rovibrational state
distribution according to the nozzle temperature T}, as well as over the velocity
distribution of the molecules in the molecular beam. The probability to find Hy
with a velocity v in an interval v 4+ dv and in a particular rovibrational state at
a given T, is denoted by

P(vy, o, v, J,Ty,)dv = Cv e~ (v=w0)*/0” gy, X Pint (v, J, T}, )dv (2.26)

Pfluac (U07O‘)

where C' is a normalization constant, vg is the stream velocity and « is the
width of the velocity distribution. In equation 2.26 the reactivity of each state
is weighted according to its Bolzmann weight as:

. ng(V7 JaTn)

Pint(v, J,T,) = T 2T (2.27)

with
f(w, J, Tp,) = (2J +1) x e(—(Bv,0—=FE0,0)/kBTvib) v o(—(Ev,1—Ev,0)/kBTrot) (2.28)

Here, the factor gy in equation 2.27 reflects the ortho/para ratio of hydrogen
in the beam. For Dy gy = 2/3 (1/3) for even (odd) values of J, while for Hy
gy = 1/4 (3/4) for even (odd) values of J. Z(T;,) is the partition function, kp
is the Boltzmann constant, and E, j is the energy of the rovibrational state
characterized by the vibrational (v) and rotational (J) quantum numbers. In
equation 2.28 rotational cooling of the Hs molecules due to the supersonic
expansion is taken into account by setting the rotational temperature to T, =
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0.8 - T,%. Degeneracy averaged reaction probabilities are computed from fully
initial-state resolved reaction probabilities as:

J
PT(E,T/,J,TI’LJ)
Pdeg(E) v, J) = Z (2 — deO)T’ (229)
m =0

where P,(E,v,J,my) is the fully initial-state resolved reaction probability,
with mj  being the magnetic rotational quantum number and E being the
translational energy (%va). Note that calculations are only performed for
positive J and m, since given the rotational symmetry of the surfaces used in
this thesis the sign of the angular momentum is unimportant. Molecular beam
sticking probabilities can then be computed as a function of the parameters
describing a molecular beam:

So(< E; >, Ty) = Z/P(vg,a,u, J, T) Paeg(E, v, J)dv. (2.30)
v,J

Here, < FE; > is the average incidence energy, which can be computed from
vo and «; usually the sticking probability is simply written as S(FE;) with the
assumption that the reader knows that F; then represents the average of F;
over the velocity distribution. A more exhaustive description of how molecular
beam sticking probabilities can be computed can be found in ref.6?

2.4.2 Rotational quadrupole alignment parameters

The extent to which the reaction of Hy with a transition metal surface depends
on the alignment of the molecule relative to the surface normal can be calculated
via the rotational quadrupole alignment parameter. The rotational quadrupole
alignment parameter, ASQ)(E, v,J), is computed from initial-state resolved
reaction probabilities as follows:37

3m?2
S —0(2 = O, 0) Pr(E v, Jymy) (L,(J—;) - 1)

AP(B, v, J) = .
ZmJ:()(Q - 5mJ:0)P7"(E7 v,dJ, ’I’)’LJ)

(2.31)

A positive value for AéQ)(I/, J) indicates a preference for reaction of molecules
aligned parallel to the surface, a negative value indicates a preference for
reactions of molecules aligned perpendicular to the surface, and zero means
the reaction proceeds independent of independent of the molecule’s alignment
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relative to the surface. Here the orientation refers to the angle 6 between the
H-H bond and the surface normal.

2.4.3 FEy;(v,J) parameters

Initial state-selected reaction probabilities can be obtained from Hs associatively
desorbing from metal surfaces by applying the principle of detailed balance®®
to associative desorption experiments®®8991  Typically the (unnormalized)
state-resolved translational energy distributions of molecules desorbing from
the surface is measured using resonance-enhanced multi-photon ionization
(REMPI)#6:86:89 combined with time-of-flight techniques. The state resolved
distributions of desorbing molecules, Pyes(E, v, J), may be related to the de-
generacy averaged initial-state resolved reaction probability, using:

E
Paes(E,v,J) x Ee *Ts Pyeg(E, v, J). (2.32)

The extracted reaction probabilities are usually fitted to a sigmoid function, in
most cases an expression involving the error function:

Pies(E, v, J) = A;J {1 +erf (%@)] , (2.33)

Here, the A, j values are the saturation values of the extracted degeneracy
averaged reaction probabilities, and the effective barrier height (Ey(v, J)) is
the incidence energy at which Pyeg(E, v, J) first becomes equal to %Au, J- Wy
represents the width of the reaction probability curve.

In an associative desorption experiment the exact state-selective flux is
usually not measured®-891 meaning that the proportionality factor in equation
2.32 cannot be obtained directly. In the absence of a measured proportionality
factor it is still possible to make a comparison between theory and experiment.
Chapter 5 will detail four different methods that can be used to make such a
comparison, namely the methods A1l and A2 in which normalized proportionality
factors are obtained from a wholly experimental procedure, and methods B1 and
B2 in which normalized reaction probabilities are extracted with reference to
theory. Given that methods A2 and B2 apply to a specific associative desorption
experiment for the Hy + Au(111) system and the particular experimental
conditions for that experiment, only methods A1l and B1 will be briefly discussed
here.
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Method A1l

Method A1 assumes that the effective barrier heights (Ey(v,.J)) can be kept
the same in the description of a molecular beam sticking experiment at a low
surface temperature and an associative desorption experiment at a high surface
temperature®®®. When applying the principle of detailed balance the surface
temperature dependence of Pyeg(FE,v,J) is taken into account by allowing
for larger W, ; parameters in the description of the associative desorption
experiments®??3. Next, the Aﬁ}, parameters are determined assuming that
they do not depend on the surface temperature by requiring that the measured
molecular beam sticking probabilities can be computed as outlined in section
2.4.1. Generally the A parameters are taken to be independent of the initial
rovibrational state, or to depend solely on the vibrational quantum number
so that a fitting procedure can be followed with a properly constrained num-
ber of degrees of freedom. Method Al was followed to extract initial-state
resolved reaction probabilities in experiments on Hs and Do desorbing from
Cu(111)86’89’91.

Calculated E; /2(1/, J) parameters can then be defined as the translational
energy at which the computed reaction probability becomes equal to half the
experimental saturation value®”.

1
Pdeg(El/Q(Vv J)7V7 J) = EAﬁ}] (234)
Method Al is described in more detail in chapter 5.

Method B1

In method B1, the experimental sticking probability curve is normalized by
equating the reaction probability at the maximum kinetic energy to which
the experiment was sensitive (Emax(v,J)) to the calculated value at that
translational energy?%:9!,

1 1
Pieg(E1ja(v,J),v,J) = §A35 = 5Pdeg(Emax(y, J), v, J). (2.35)

Note that the maximum translational energy to which the experiment is sensitive
is usually not high enough to equal the absolute saturation value A of the
reaction probability. However, as will be discussed in chapter 5, as long as
Paeg(Bmax(v, J),v,J) > 0.9A the calculated Ej/y(v,J) parameters will be
underestimated by no more than 0.09 W, ;.
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2.4.4 Rovibrational state populations of H, and D, desorbing
from Au(111)

The following expression is used to calculate state distributions of desorbing
molecules:

Emax(u,]) (7 E )
N(v,J) = / Pit(v, J,Ts)WE €' F875’ Pyoy(E, v, J)dE.  (2.36)
0

Here, E is the translational energy and Tg is the surface temperature. A
comparison to experiment can be made by replacing Pyeg(F, v, J) in equation
2.36 with reported error function fits obtained experimentally?. Note that it
is critical for a valid comparison between theory and experiment that equation
2.36 is only integrated up to Epax(,,s). This is because the experimentally
obtained error function fits for the reaction probability are only valid below
Erax(v,7), and can yield reaction probabilities substantially bigger than one
above FEy v, 7). Generally the obtained populations are normalized to the
total v = 0 population according to:

N(v,J)
N, J) = 2.37
The ratio v = 1 : v = 0 can then calculated as:
Nv=1,J
ye1iy—gm 2N =L7T) (2.38)

Y, Nw=0,J)



44

Chapter 2. Theory and methods

References

(1)

Einstein, A.; Podolsky, B.; Rosen, N. Can quantum-mechanical descrip-
tion of physical reality be considered complete? Phys. Rev. 1935, 47,
T777-780.

Bell, J. S. On the Einstein Podolsky Rosen paradox. Phys. Phys. Fiz.
1964, 1, 195-200.

Pusey, M. F.; Barrett, J.; Rudolph, T. On the reality of the quantum
state. Nat. Phys. 2012, 8, 476-479.

Schrédinger, E. An undulatory theory of the mechanics of atoms and
molecules. Phys. Rev. 1926, 28, 1049-1070.

Bohr, N., Niels Bohr - Collected Works; Elsevier, Amsterdam: 1972-2008;
Vol. 1-13.

Born, M.; Oppenheimer, R. Zur quantentheorie der molekeln. Ann.
Phys. 1927, 389, 457-484.

Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. 1964,
136, B864-B871.

Kohn, W.; Sham, L. J. Self-consistent equations including exchange and
correlation effects. Phys. Rev. 1965, 140, A1133-A1138.

Fermi, E. Un metodo statistico per la determinazione di alcune priorieta
dell’atome. Rend. Accad. Naz. Lincei 1927, 6, 32-37.

Thomas, L. H. The calculation of atomic fields. Math. Proc. Camb.
Philos. Soc. 1927, 23, 542-548.

Burke, K. Perspective on density functional theory. J. Chem. Phys.
2012, 136, 150901.

Perdew, J. P.; Ruzsinszky, A.; Sun, J.; Burke, K. Gedanken densities
and exact constraints in density functional theory. J. Chem. Phys. 2014,
140, 18A533.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approxi-
mation made simple. Phys. Rev. Lett. 1996, 77, 3865-3868.

Perdew, J. P.; Ruzsinszky, A.; Csonka, G. I.; Vydrov, O. A.; Scuseria,
G. E.; Constantin, L. A.; Zhou, X.; Burke, K. Restoring the density-
gradient expansion for exchange in solids and surfaces. Phys. Rev. Lett.
2008, 100, 136406.



References 45

(15)

(16)

(17)

(23)

(24)

(25)

(26)

Hammer, B. H. L. B.; Hansen, L. B.; Ngrskov, J. K. Improved adsorption
energetics within density-functional theory using revised Perdew-Burke-
Ernzerhof functionals. Phys. Rev. B 1999, 59, 7413-7421.

Becke, A. D. On the large-gradient behavior of the density functional
exchange energy. J. Chem. Phys. 1986, 85, 7184-7187.

Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, G. E. Climbing
the density functional ladder: Nonempirical meta-generalized gradient

approximation designed for molecules and solids. Phys. Rev. Lett. 2003,
91, 146401.

Perdew, J. P.; Ruzsinszky, A.; Csonka, G. I.; Constantin, L. A.; Sun, J.
Workhorse semilocal density functional for condensed matter physics
and quantum chemistry. Phys. Rev. Lett. 2009, 103, 026403.

Sun, J.; Ruzsinszky, A.; Perdew, J. P. Strongly constrained and appro-
priately normed semilocal density functional. Phys. Rev. Lett. 2015,
115, 036402.

Perdew, J. P. Climbing the ladder of density functional approximations.
MRS Bull. 2013, 38, 743.

Perdew, J. P.; Schmidt, K. In AIP Conf. Proc. 2001; Vol. 577, pp 1-20.

Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
M. R.; Singh, D. J.; Fiolhais, C. Atoms, molecules, solids, and surfaces:
Applications of the generalized gradient approximation for exchange
and correlation. Phys. Rev. B 1992, 46, 6671-6687.

Berland, K.; Cooper, V. R.; Lee, K.; Schroder, E.; Thonhauser, T.;
Hyldgaard, P.; Lundqvist, B. I. Van der Waals forces in density functional
theory: a review of the vdW-DF method. Rep. Prog. Phys. 2015, 78,
066501.

Grimme, S. Semiempirical GGA-type density functional constructed
with a long-range dispersion correction. J. Comput. Chem. 2006, 27,
1787-1799.

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate
ab initio parametrization of density functional dispersion correction
(DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104.

Lundqvist, B.; Andersson, Y.; Shao, H.; Chan, S.; Langreth, D. Density
functional theory including van der Waals forces. Int. J. Quant. Chem.
1995, 56, 247-255.



46

Chapter 2. Theory and methods

(27)

(28)

Dion, M.; Rydberg, H.; Schréder, E.; Langreth, D. C.; Lundqvist, B. L.
Van der Waals density functional for general geometries. Phys. Rewv.
Lett. 2004, 92, 246401.

Lee, K.; Murray, E. D.; Kong, L.; Lundqvist, B. I.; Langreth, D. C.
Higher-accuracy van der Waals density functional. Phys. Rev. B 2010,
82, 081101.

Vydrov, O. A.; Van Voorhis, T. Nonlocal van der Waals density func-
tional: The simpler the better. J. Chem. Phys. 2010, 133, 244103.

Sabatini, R.; Gorni, T.; De Gironcoli, S. Nonlocal van der Waals density
functional made simple and efficient. Phys. Rev. B 2013, 87, 041108.

Roméan-Pérez, G.; Soler, J. M. Efficient implementation of a van der
Waals density functional: application to double-wall carbon nanotubes.
Phys. Rev. Lett. 2009, 103, 096102.

Peng, H.; Yang, Z.-H.; Perdew, J. P.; Sun, J. Versatile van der Waals
density functional based on a meta-generalized gradient approximation.
Phys. Rev. X 2016, 6, 041005.

Kroes, G.-J. Toward a database of chemically accurate barrier heights
for reactions of molecules with metal surfaces. J. Phys. Chem lett. 2015,
6, 4106-4114.

Doblhoff-Dier, K.; Meyer, J.; Hoggan, P. E.; Kroes, G.-J. Quantum
Monte Carlo calculations on a benchmark molecule-metal surface reac-
tion: Hy + Cu(111). J. Chem. Theory Comput. 2017, 13, 3208-3219.

Yin, R.; Zhang, Y.; Libisch, F.; Carter, E. A.; Guo, H.; Jiang, B.
Dissociative chemisorption of Oz on Al(111): dynamics on a correlated
wave-function-based potential energy surface. J. Phys. Chem. Lett.
2018, 9, 3271-3277.

King, D. A.; Wells, M. G. Molecular beam investigation of adsorption
kinetics on bulk metal targets: Nitrogen on tungsten. Surf. Sci. 1972,
29, 454-482.

Chuang, Y.-Y.; Radhakrishnan, M. L.; Fast, P. L.; Cramer, C. J.;
Truhlar, D. G. Direct dynamics for free radical kinetics in solution:

Solvent effect on the rate constant for the reaction of methanol with
atomic hydrogen. J. Phys. Chem. A 1999, 103, 4893-49009.

Chakraborty, A.; Zhao, Y.; Lin, H.; Truhlar, D. G. Combined valence
bond-molecular mechanics potential-energy surface and direct dynamics
study of rate constants and kinetic isotope effects for the H + CoHg
reaction. J. Chem. Phys. 2006, 12/, 044315.



References 47

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Diaz, C.; Pijper, E.; Olsen, R.; Busnengo, H.; Auerbach, D.; Kroes, G.
Chemically accurate simulation of a prototypical surface reaction: Ho
dissociation on Cu(111). Science 2009, 326, 832-834.

Ghassemi, E. N.; Wijzenbroek, M.; Somers, M. F.; Kroes, G.-J. Chemi-
cally accurate simulation of dissociative chemisorption of Do on Pt(111).
Chem. Phys. Lett. 2017, 683, 329-335.

Smeets, E. W. F.; Voss, J.; Kroes, G.-J. Specific reaction parameter
density functional based on the meta-generalized gradient approxima-
tion: application to Hy + Cu(111) and Hy + Ag(111). J. Phys. Chem.
A 2019, 123, 5395-5406.

Nattino, F.; Migliorini, D.; Kroes, G.-J.; Dombrowski, E.; High, E. A.;
Killelea, D. R.; Utz, A. L. Chemically accurate simulation of a poly-

atomic molecule-metal surface reaction. J. Phys. Chem. Lett. 2016, 7,
2402-2406.

Smeets, E. W. F.; Kroes, G.-J. Designing new SRP density functionals
including non-local vdW-DF2 correlation for Hy + Cu(111) and their
transferability to Hy + Ag(111), Au(111) and Pt(111). Phys. Chem.
Chem. Phys. 2021, 23, 7875-7901.

Madsen, G. K. Functional form of the generalized gradient approxi-
mation for exchange: the PBE« functional. Phys. Rev. B 2007, 75,
195108.

Ghassemi, E. N.; Smeets, E. W. F.; Somers, M. F.; Kroes, G.-J.; Groot,
I. M.; Juurlink, L. B.; Fiichsel, G. Transferability of the specific reaction
parameter density functional for Hy + Pt(111) to Hy + Pt(211). J.
Phys. Chem. C 2019, 123, 2973-2986.

Sementa, L.; Wijzenbroek, M.; Van Kolck, B.; Somers, M.; Al-Halabi, A.;
Busnengo, H. F.; Olsen, R.; Kroes, G.-J.; Rutkowski, M.; Thewes, C.,
et al. Reactive scattering of Hy from Cu(100): comparison of dynamics

calculations based on the specific reaction parameter approach to density
functional theory with experiment. J. Chem. Phys. 2013, 138, 044708.

Nour Ghassemi, E.; Somers, M.; Kroes, G.-J. Test of the transferability
of the specific reaction parameter functional for Ho+ Cu(111) to Do +
Ag(111). J. Phys. Chem. C 2018, 122, 22939-22952.

Tchakoua, T.; Smeets, E. W. F.; Somers, M.; Kroes, G.-J. Toward a
specific reaction parameter density functional for Ho + Ni(111): com-
parison of theory with molecular beam sticking experiments. J. Phys.
Chem. C 2019, 123, 20420-20433.



Chapter 2. Theory and methods

(56)
(57)
(58)

(59)

(60)

Migliorini, D.; Chadwick, H.; Nattino, F.; Gutiérrez-Gonzalez, A.; Dom-
browski, E.; High, E. A.; Guo, H.; Utz, A. L.; Jackson, B.; Beck, R. D.,
et al. Surface reaction barriometry: methane dissociation on flat and
stepped transition-metal surfaces. J. Phys. Chem. Lett. 2017, 8, 4177—
4182.

Bloch, F. Uber die quantenmechanik der elektronen in kristallgittern.
Z. Phys. 1929, 52, 555-600.

Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized
eigenvalue formalism. Phys. Rev. B 1990, 41, 7892-7895.

Laasonen, K.; Car, R.; Lee, C.; Vanderbilt, D. Implementation of ul-
trasoft pseudopotentials in ab initio molecular dynamics. Phys. Rev. B
1991, 48, 6796-6799.

Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 1994,
50, 17953-17979.

Busnengo, H.; Salin, A.; Dong, W. Representation of the 6D potential
energy surface for a diatomic molecule near a solid surface. J. Chem.
Phys. 2000, 112, 7641-7651.

Olsen, R.; Busnengo, H.; Salin, A.; Somers, M.; Kroes, G.; Baerends, E.
Constructing accurate potential energy surfaces for a diatomic molecule
interacting with a solid surface: Hy + Pt(111) and He + Cu(100). J.
Chem. Phys. 2002, 116, 3841-3855.

Verberck, B. Symmetry-adapted fourier series for the wallpaper groups.
Symmetry 2012, /, 379-426.

Wijzenbroek, M. Hydrogen dissociation on metal surfaces, Ph.D. Thesis,
2016.

Stoer, J.; Bulirsch, R., Introduction to numerical analysis; Springer
Science & Business Media, New York: 2013; Vol. 12.

Raff, L. M.; Karplus, M. Theoretical investigations of reactive collisions
in molecular beams: K+CHgsl and related systems. J. Chem. Phys.
1966, /4, 1212-1229.

Marston, C. C.; Balint-Kurti, G. G. The Fourier grid Hamiltonian
method for bound state eigenvalues and eigenfunctions. J. Chem. Phys.
1989, 91, 3571-3576.

Head-Gordon, M.; Tully, J. C. Molecular dynamics with electronic
frictions. J. Chem. Phys. 1995, 103, 10137-10145.



References 49

(62)

(73)

Fiichsel, G.; del Cueto, M.; Diaz, C.; Kroes, G.-J. Enigmatic HCI +
Au(111) reaction: a puzzle for theory and experiment. J. Phys. Chem.
C' 2016, 120, 25760-25779.

Fiichsel, G.; Klamroth, T.; Monturet, S.; Saalfrank, P. Dissipative
dynamics within the electronic friction approach: the femtosecond laser
desorption of Hy /Do from Ru(0001). Phys. Chem. Chem. Phys. 2011,
13, 8659-8670.

Kubo, R. The fluctuation-dissipation theorem. Rep. Prog. Phys. 1966,
29, 255-284.

Springer, C.; Head-Gordon, M.; Tully, J. C. Simulations of femtosecond
laser-induced desorption of CO from Cu(100). Surf. Sci. 1994, 320,
L57-L62.

Ermak, D. L.; Buckholz, H. Numerical integration of the Langevin
equation: Monte Carlo simulation. J. Comput. Phys. 1980, 35, 169-182.

Juaristi, J.; Alducin, M.; Muino, R. D.; Busnengo, H. F.; Salin, A.
Role of electron-hole pair excitations in the dissociative adsorption
of diatomic molecules on metal surfaces. Phys. Rev. Lett. 2008, 100,
116102.

Puska, M. J.; Nieminen, R. M. Atoms embedded in an electron gas:
Phase shifts and cross sections. Phys. Rev. B 1983, 27, 6121-6128.

Spiering, P.; Meyer, J. Testing electronic friction models: vibrational
de-excitation in scattering of Ho and Dy from Cu(111). J. Phys. Chem.
Lett. 2018, 9, 1803-1808.

Zhang, Y.; Maurer, R. J.; Jiang, B. Symmetry-Adapted High Dimen-
sional Neural Network Representation of Electronic Friction Tensor of
Adsorbates on Metals. J. Phys. Chem. C' 2019, 124, 186-195.

Spiering, P.; Shakouri, K.; Behler, J.; Kroes, G.-J.; Meyer, J. Orbital-
Dependent Electronic Friction Significantly Affects the Description of
Reactive Scattering of No from Ru(0001). J. Phys. Chem. Lett. 2019,
10, 2957-2962.

Luntz, A.; Makkonen, I.; Persson, M.; Holloway, S.; Bird, D.; Mizielin-
ski, M. S. Comment on “Role of electron-hole pair excitations in the
dissociative adsorption of diatomic molecules on metal surfaces”. Phys.
Rew. Lett. 2009, 102, 109601.

Juaristi, J.; Alducin, M.; Muifio, R. D.; Busnengo, H.; Salin, A. Juaristi
et al. Reply. Phys. Rev. Lett. 2009, 102, 109602.



Chapter 2. Theory and methods

Kosloff, R. Time-dependent quantum-mechanical methods for molecular
dynamics. J. Phys. Chem. C 1988, 92, 2087-2100.

Kosloff, R. In Time-Dependent Quantum Molecular Dynamics; Springer:
1992, pp 97-116.

Kosloff, D.; Kosloff, R. A fourier method solution for the time dependent
Schrodinger equation as a tool in molecular dynamics. J. Comput. Phys.
1983, 52, 35-53.

Pijper, E.; Kroes, G.-J.; Olsen, R. A.; Baerends, E. J. Reactive and
diffractive scattering of Hy from Pt(111) studied using a six-dimensional
wave packet method. J. Chem. Phys. 2002, 117, 5885-5898.

Kroes, G.-J.; Somers, M. F. Six-dimensional dynamics of dissociative
chemisorption of Ho on metal surface. J. Theor. Comput. Chem. 2005,
4, 493-581.

Light, J.; Hamilton, I.; Lill, J. Generalized discrete variable approxima-
tion in quantum mechanics. J. Chem. Phys. 1985, 82, 1400-1409.

Corey, G. C.; Lemoine, D. Pseudospectral method for solving the time-
dependent Schrodinger equation in spherical coordinates. J. Chem. Phys.
1992, 97, 4115-4126.

Lemoine, D. The finite basis representation as the primary space in
multidimensional pseudospectral schemes. J. Chem. Phys. 1994, 101,
10526-10532.

Kosloff, D.; Kosloff, R. A Fourier method solution for the time dependent
Schrodinger equation as a tool in molecular dynamics. J. Comput. Phys.
1983, 52, 35-53.

Feit, M. D.; Fleck Jr, J. A.; Steiger, A. Solution of the Schrédinger
equation by a spectral method. J. Comput. Phys. 1982, 47, 412-433.

Vibok, A.; Balint-Kurti, G. G. Parametrization of complex absorbing
potentials for time-dependent quantum dynamics. J. Phys. Chem. 1992,
96, 8712-8719.

Balint-Kurti, G. G.; Dixon, R. N.; Marston, C. C. Grid methods for
solving the Schrédinger equation and time dependent quantum dynamics
of molecular photofragmentation and reactive scattering processes. Int.
Rev. Phys. Chem. 1992, 11, 317-344.

Rettner, C.; Michelsen, H.; Auerbach, D. Quantum-state-specific dy-
namics of the dissociative adsorption and associative desorption of Ho
at a Cu(111) surface. J. Chem. Phys. 1995, 102, 4625-4641.



References 51

(87)

(88)

Zare, R. N.; Harter, W. G. Angular momentum: understanding spatial
aspects in chemistry and physics. Phys. Today 1989, 42, 68-72.

Cardillo, M.; Balooch, M.; Stickney, R. Detailed balancing and quasi-
equilibrium in the adsorption of hydrogen on copper. Surf. Sci. 1975,
50, 263-278.

Michelsen, H.; Rettner, C.; Auerbach, D.; Zare, R. Effect of rotation on
the translational and vibrational energy dependence of the dissociative
adsorption of Dy on Cu(111). J. Chem. Phys. 1993, 98, 8294-8307.

Shuai, Q.; Kaufmann, S.; Auerbach, D. J.; Schwarzer, D.; Wodtke, A. M.
Evidence for electron—hole pair excitation in the associative desorption
of Hy and Ds from Au(111). J. Phys. Chem. Lett. 2017, 8, 1657-1663.

Kaufmann, S.; Shuai, Q.; Auerbach, D. J.; Schwarzer, D.; Wodtke, A. M.
Associative desorption of hydrogen isotopologues from copper surfaces:
characterization of two reaction mechanisms. J. Chem. Phys. 2018, 148,
194703.

Michelsen, H.; Rettner, C.; Auerbach, D. On the influence of surface
temperature on adsorption and desorption in the Dy /Cu(111) system.
Surf. Sci. 1992, 272, 65-72.

Rettner, C.; Auerbach, D.; Michelsen, H. Dynamical studies of the
interaction of Dy with a Cu(111) surface. J. Vac. Sci. Technol. A 1992,
10, 2282-2286.





